Objective: To study the general efficacy of hydromorphone as a systemic analgesic in postoperative pain management following single-port video-assisted thoracoscopic surgery (VATS) and to explore the optimal administration regimen. Methods: A prospective, randomized, double-blind study was designed and conducted in a tertiary hospital. In total, 157 valid patients undergoing single-port VATS were randomly allocated into three groups. A total of 53 patients received morphine bolus only for postoperative analgesia (Group Mb); 51 patients received a hydromorphone background infusion plus bolus (Group Hb + i), and 53 patients received a hydromorphone bolus only (Group Hb). The primary outcomes were patient-reported static and dynamic pain levels; the secondary outcomes included side effects, sleep quality, and recovery indexes. Results: Patients in Group Hb + i experienced lower pain intensity (approximately 10 out of 100 on the visual analog scale) in both static pain and dynamic pain in the days following surgery (P<0.01), better sleep quality during the first night only (P=0.002), and a higher satisfaction level than those in the other two groups (P=0.006). A comparison of these variables in Group Mb and Group Hb resulted in no significant differences. Lastly, side effects and recovery indexes remained the same among bolus-only groups and bolus-plusbackground-infusion groups. Conclusion: There is no advantage to administering hydromorphone over morphine using bolus only mode. Within 24 h after surgery, a background infusion should be considered as a part of a standard protocol for patient-controlled intravenous analgesia. At 24 h after surgery, the background infusion should be adjusted in accordance with patient preferences and pain intensity. Keywords: morphine, background infusion, sleep quality, patient satisfaction
Introduction
According to 2018 global cancer statistics, new lung cancer cases reached 11.6% of the total number of cancer cases, and relevant deaths accounted for 18.4% of all deaths caused by cancer, and the same trend was observed in China. 1, 2 Surgery is the primary option for lung cancer treatment at the early and middle stages. Even though several minimally invasive surgical methods, such as single-port videoassisted thoracoscopic surgery (VATS), have been introduced, many patients still suffer moderate to severe pain postoperatively. [3] [4] [5] Until now, there has been no standardized protocol for postoperative pain management for single-port VATS. 6 A multimodal analgesia regimen is preferred, combining loco-regional analgesia and systemic analgesia to enhance pain relief and reduce side effects. [7] [8] [9] Intercostal nerve block is an alternative regional anesthesia that is effective for up to 16 h and could reduce analgesic consumption during the first 24 h after surgery instead of thoracic epidural analgesia (TEA) or thoracic paravertebral block, which demonstrate various limitations including the challenge of placing a thoracic epidural catheter, the extra care services required, and possible complications. [10] [11] [12] [13] Patient-controlled intravenous analgesia (PCIA) is a personalized strategy involving various opioids that allows patients to administer analgesics as needed, and has been demonstrated to be effective for postoperative pain management as TEA under diverse conditions. [14] [15] [16] [17] [18] Hydromorphone, widely used in the US and Europe, a hydrogenated ketone of morphine, is approximately five to 10 times stronger than its precursor, and has been available in the Chinese medical market for only a few years. [19] [20] [21] [22] The physicochemical properties (predominantly involving µ-receptors) and metabolites (mainly hydromorphone-3-glucoronide with no analgesic effects) of hydromorphone may lead to fewer side effects when compared with some other opioids commonly used such as morphine, while the analgesic effects remain the same. However, there is a paucity of clinical research studies exploring the optimal PCIA delivery of hydromorphone.
In existing clinical trials, most PCIA protocols did not take body weight into account and were fixed for bolus and continuous infusion settings. [23] [24] [25] [26] Furthermore, there is a lack of studies on the efficacy of hydromorphone in PCIA electrical pumps for patients undergoing singleport VATS. We have conducted this prospective, randomized controlled trial to investigate the analgesic effect of hydromorphone when used as a systemic analgesic following single-port VATS and to explore the optimal administration regimen.
Methods

Ethics approval and participation consent
This study was approved by the Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine, Hangzhou, Zhejiang, China (Ethical number: 2018[014]) and the protocol was registered in the ClinicalTrials.gov registry (NCT03648008). All subjects signed informed consent documents before enrollment. Our study was conducted in accordance with the Declaration of Helsinki.
Sample size calculation
The sample size was pre-calculated using PASS 11 (NCSS Inc., Kaysville, UT, USA) based on the following assumptions: based on related studies, a minimal equivalence of 10 and a standard deviation (SD) of 10 on the Visual Analogue Scale (VAS) were considered as statistically significant changes. The sample size for each group was 57 with α=0.05 (two-sided hypothesis), β=0.80, and a 10% drop-out rate.
Criteria for inclusion and exclusion
The day before surgery, an investigator assessed patients in accordance with the criteria for inclusion and exclusion (Table 1 ) and confirmed patient willingness to participate in the study after the investigator fully informed the patient about the study goals and design.
Randomization and blinding
Upon receiving written consent, patients were instructed on how to use the VAS (0=no pain to 100=intense pain) to describe the pain they were experiencing. Each patient was randomized into one of the three groups (Group Mb, Group Hb + i, and Group Hb) with an allocation ratio of 1:1:1, using a random, computer-generated table (Table 2 ). All patients, surgeons, nurses, and data collectors participating in the study were blinded until the final data analysis.
To test the pharmacological impact of hydromorphone, two background infusion conditions were compared: 0.002 mg*kg , but the lockout interval differed from 10 min to 8 min in order to balance the maximum opioid usage per hour. In the control group, morphine was used in the PCIA pump (bolus 0.015 mg*kg 
Anesthesia protocol
All patients avoided preoperative usage of pain medication. In the operation theatre, patients received general anesthesia under standard protocol, which did not include hydromorphone or morphine. Specifically, general anesthesia was induced using midazolam (0.2 mg*kg ) was administered to induce neuromuscular blockade for tracheal intubation. Anesthesia was continuously maintained using sevoflurane, propofol, and sufentanil. Cisatracurium was used as needed. During the surgery, standardized monitoring and a bispectral index were applied. Central venous catheterization (CVC) and an A-line were implemented for each patient. After surgery, patients were transferred to the postanesthesia care unit (PACU) where their vital signs were continuously monitored. Each subject was extubated and discharged from the PACU when their vital signs stabilized.
Surgical protocol
All 157 patients underwent single-port VATS performed by one attending surgeon. To initiate the single-port VATS, an incision (approximately 3 cm) was made at the fifth intercostal space at the anterior axillary line. The incision was protected using a plastic wound protector. The periosteum and rib were not retracted, the latissimus dorsi muscle was left intact, and the serratus anterior muscle was split apart. Through the single port protector, a 10-mm 30-degree thoracoscope was inserted at the posterior side and two thoracoscopic instruments were inserted from the anterior side into the chest cavity. An endoscopic stapling method was implemented to perform lesion excision and fissure fusion to minimize air leakage. During the surgery, the surgeon was careful not to move the instrument to extreme angles and did not use metallic retraction in order to lessen the risk of crushing intercostal nerves. At the end of the operation, one chest tube and one central venous catheter were separately placed through the incision and the posterior costophrenic angle for drainage.
Postoperative pain and side effect management
Before closure of the thoracic incision, the surgeons performed a three-site intercostal nerve block with 0.75% 10 mL ropivacaine using a thoracoscope. At the end of surgery, pentazocine (5 mg) and tropisetron (5 mg) were administered by the anesthetist. Immediately after surgery, a PCIA pump was connected to the CVC, with different drugs and settings based on the experimental group. In the case of PCIA analgesic failure (VAS constantly >40), dynastat (40 mg) was administered as an alternative rescue method. Tropisetron (5 mg) or palonosetron (0.25 mg) were administered to combat postoperative nausea and vomiting (PONV). After the patients were moved to the thoracic surgery ward, VAS at rest and during coughing were recorded each morning (8 a.m.) and evening (8 p.m.) for the first 3 days or until discharge from hospital. The primary outcomes were pain intensity assessed by the VAS at rest (static pain) and during coughing (dynamic pain). Secondary outcomes included bolus frequency, analgesic rescue, nausea, vomiting, antiemetic rescue, postoperative sleep quality, cacation within two days, out-of-bed activity, chest tube extubation, hospital day after surgery and patient satisfaction. Before discharge, patients were asked about the degree of satisfaction with their pain management experience (Bad, Fair, Good, or Excellent). The postoperative follow-up was conducted by an investigator who was unaware of which group an individual belonged to.
Statistical analysis
Based on the variable distribution type, variables with normal and abnormal distributions are presented as mean (SD) and median (range or IQR), respectively. For a comparison of pain levels between the three groups during the postoperative period, a repeated measure analysis of variance (ANOVA) test was used. The distributions of patient characteristics and other variables among Group Mb, Group Hb + i, and Group Hb were compared using an ANOVA for continuous variables, the Pearson chi-square test or Fisher's exact test for categorical variables, and the Kruskal-Wallis test for abnormally distributed variables. The Least Significant Difference (LSD) test was used for posthoc analysis. P<0.05 was considered to indicate a significant difference. All statistical analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA).
Results
From May to September 2018, a total of 171 patients voluntarily consented to participate in this study and were randomly allocated to one of the three groups (Figure 1 ). A total of 14 patients were withdrawn because of conversion to open surgery, expectant treatment, or transfer to the intensive care unit after surgery. Therefore, data from 157 patients were used in the final analysis, as shown in Figure 1 .
There were no significant differences between the three groups in terms of age, gender, weight, body mass index, history of cigarette smoking, history of alcohol consumption, education level, work type, preoperative stage sleep quality, surgical type, lymphadenectomy, adhesion loosening, pathologic diagnosis, baseline VAS (0.5 h after extubation), surgical duration, and anesthesia duration (Tables 3 and 4) .
Assessment of postoperative pain and analgesia
A total of 33% of patients returned to the recovery ward around or after 8 p.m. and 24% of patients were discharged from the hospital on the second day after surgery. To preserve the integrity of the data, the following time points were discarded: 8 p.m. on the day of surgery and 8 p.m. on the second day after surgery. Therefore, data at three time points were collected: 8 a.m. and 8 p.m. on the first day post surgery, and 8 a.m. on the second day postsurgery. As shown in Table 4 , at 0.5 h after tracheal extubation, there was no significant difference in VAS at rest between the three groups (P=0.98). At the aforementioned three time points, VAS at rest or during coughing were all lowest in Group Hb + i (P<0.001). The time effect was independent among the three groups (P<0.001) and the interaction effect with analgesic drugs was non-existent (P=0.140 and 0.854, respectively) ( Table 5 ). Table 6 summarizes the usage of bolus and analgesic rescue. Patients randomized into Group Hb + i consumed the lowest number of boluses compared with patients in Group Mb and Group Hb at all three follow-up time points (P=0.044, 0.008, and 0.036, sequentially). However, there was no significant difference in analgesic rescue among the three groups (P=0.37, 0.59, and 0.09, sequentially) ( Table 6 ). Tables 7 and 8 summarize postoperative complications such as nausea, vomiting, length of stay, postoperative sleep quality, and early rehabilitation indexes. Sleep quality during the first night and patient satisfaction were significantly different among the three groups (P=0.002 and P=0.006), with Group Hb + i performing better than the other two groups. There was no significant difference among the other indexes.
Assessment of PONV and early rehabilitation index
Discussion
Minimally invasive surgery is preferred for lung diseases because of its potential for reduced trauma and enhanced recovery. However, postoperative pain remains moderate to severe, especially within 48 h after single-port VATS. [3] [4] [5] PCIA using traditional opioids is an effective therapy for postoperative pain. However, side effects associated with opioids are an issue, especially PONV. Consequently, we aimed to find a more appropriate type of opioid, with better analgesic effects or lower side effects. The current study aimed to verify whether hydromorphone is a better alternative to morphine and determine the optimal administration procedure for hydromorphone in PCIA for postoperative pain management after single-port VATS.
Contrary to our hypothesis, the results indicated that hydromorphone exhibited no noticeable advantage over morphine in terms of pain management and side effects in the bolus only setting. Some of the limitations of the study may underlie these results. First, based on the primary original design and intention of this study and data from manufacturers and other studies, the ratio of morphine to hydromorphone was set at 7.5:1. However, a higher ratio such as 6:1 or 5:1 may be more appropriate to demonstrate the superiority of hydromorphone. Second, adding a morphine background infusion group might have been beneficial in comparing the effectiveness of hydromorphone and morphine with different administration regimens.
As the results show, adding a background infusion of hydromorphone in PCIA may outweigh its disadvantages. Previous studies have suggested that there are no advantages to using a supplemental background infusion for pain relief, and its use could lead to higher incidences of complications. [30] [31] [32] [33] [34] [35] [36] Contrary to this argument, research conducted by Wang and his colleagues support background-infused analgesics, since higher sedation ratings and fewer side effects were reported after abdominal hysterectomy; 37 White also found that a combined background infusion of morphine can provide better pain management, reduce opioid consumption, and minimize complications compared with a PCIA bolus-only protocol following colorectal cancer surgery. 38 The discrepancies in background infusion efficacy may be attributed to different surgery types, distinct ethnic groups, and diverse analgesic regimens.
From the second postsurgery night onward, the rest pain in each group was not substantially different, even though there was a statistically significant difference, while the background infusion reduced dynamic pain to some extent (10 out of 100). There were no statistically significant differences in side effects and antiemetic rescue when comparing analgesic treatment with or without background infusion. However, the frequency of PONV in Group Hb + i was relatively higher than in the other two groups, especially at 8 p.m. from the first day and afterwards. The sample size was limited in the current study, and this phenomenon requires further investigation with a larger sample size to determine whether the benefits from background infusion outweigh the side effects beyond 24 h after surgery.
Surgery related pain leads to sleep disruption, which delays postoperative recovery. [42] [43] [44] The relationships between these factors are intertwined: unsatisfactory sleep may increase sensitivity to pain during the following day, so a higher pain intensity would be experienced and more analgesic medication utilized. Subsequently, sleep quality during the following night would be influenced by daytime pain intensity and analgesic medication. 49, 50 The patients in Group Hb + i had better sleep quality while experiencing low pain intensity and requiring less extra analgesic rescue to achieve better sleep quality than those in Group Mb and Group Hb during the first night. As time progressed beyond 24 h after surgery, the pain scores were below the desired VAS of approximately 40 and there was no significant difference among the three groups in terms of sleep quality during the second night. This may be attributed to the lowdose background infusion of opioid analgesic that kept the pain under control and facilitated sleep. With better pain management and sleep quality during the first night, patient satisfaction was also significantly higher in Group Hb + i. The intense pain caused by this type of surgery is normally sustained within 24 h, especially during the first night and the first morning after surgery. As observed during this study, an overwhelming majority of patients undergoing this type of surgery can achieve satisfactory pain relief 24 h after surgery, regardless of the type of intervention used. The observed complications were not significantly higher with background infusion. Also, background infusion did not hinder discharge, extubation of chest tubes, out-of-bed activity, and other postoperative rehabilitation indexes.
Conclusion
The current study suggests that in the bolus only mode, hydromorphone has no advantages over morphine and within 24 h after surgery, a background infusion should be added to the protocol for better sleep quality and pain management. At 24 h after surgery, the bolus-only method should be considered, and the background infusion should be adjusted according to patient demand and pain intensity to avoid unwanted complications.
Data sharing
All the data will be available through email by contacting our group and we will provide the data in perpetuity.
